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Effect of grain orientation on tantalum magnetron sputtering yield 
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The differential sputter yields of tantalum grains during argon ion magnetron sputtering were 
measured and found to correlate with the atomic packing density in the uppermost atomic layer. 
Grains with their (110) planes aligned within 15° of the sputtering surface had the highest sputtering 
yield (0.95 at. /ion at 400 eV), Simultaneously, grains oriented so that their (111) planes were within 
15° of the sputtering surface had sputtering yields of around two times lower (047 at/ion at 
400 eV). These results are consistent with the surface sputtering rather than the channeling model 
A correlation was found between the number of free atoms on the surface as determined using a 
facetted surface model and the measured sputtering yield, © 2006 American Vacuum Society. 
[DOI: 10/1116/1,2212436] 



I. INTRODUCTION 

It is well established that the sputter. -erosion rate of a 
polycrystalline solid depends upon both the crystallographic 
orientation of the solid and the incoming ion trajectory. This 
effect is easily observed by viewing a sputtered polycrystal- 
line target at low magnification or with the unaided,eye. The 
etched pattern of grain relief is due to the variation in sput- 
tering yield with grain orientation. Stark and Wehdt rej^p^ed 
this effect in 1912 for bismuth under hydrogen ion 
bombardment. 1 %^o'=V,----: 

Wehner and his co-workers conducted a more comprehen- 
sive study of the crystailographic nature of sputtering and 
found that sputtered atoms are ejected along close packed J 
directions so that spot patterns are observed in the deposited 
films when single crystals are sputtered 2 Measurement of the 
sputtering emission in tantalum by Anderson 3 demonstrated 
that atom ejection is predominately along the (111) close 
packed direction, but also to a lesser extent along (001) di- 
rections. More recently, Wickersham, Jr. and Zhang 4 repotted 
on the relative strength of sputtered tantalum atom emission 
along the (111) and {001) directions for tantalum under mag- 
netron sputtering conditions. 

There are only a small number of publications on the 
variation of tantalum sputtering yield with grain orientation, 
Michaluk 5 suggested that the variation in tantalum sputter 
rate was more sensitive to changes in grain size than to 
changes in texture. However, neither details of the relative 
deposition rates nor target impedance data are provided 
which could also explain shifts in sputter rate, Tortorelli and 
Altstetter 5 measured the differential sputtering rates for 
grains of bec niobium under 15 keV argon ion bombardment. 
They found that the sputtering yields of the niobium grains 
oriented with (11.1) planes perpendicular to the incoming 
15 keV argon ion beam were about three times lower than 
the values expected for a random or amorphous Nb solid. 
They found good agreement between their measurements 
and the predictions from Silsbee 7 focus collision chains and 
channeling. As the ion energy is reduced, the Silsbee focus 
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collision chain effect is expected to decrease. Calculations of 
the nonchanneled fraction for tantalum under 400 eV argon 
ion bombardment indicate that no differential grain sputter- 
ing should be detected due to channeling. This presents a 
conundrum in that grain relief occurs in magnetron sputter- 
ing of tantalum at energies below those in which channeling 
effects occur. What then is the source of the differential sput- 
tering in magnetron sputtered tantalum grains? 

Measurements of the relative sputtering yields of tantalum 
grains are provided in this article. The result shows that the 
sputtering yield of grains increases as the grain orientation 
changes from (111) to (100) to (110). Grains with their (110) 
Iplanes parallel to the sputter surface erode at the highest rate. 
Grains with orientations near (113) erode with the slowest 
rate. The channeling model does not predict this behavior 
since at these low bombarding energies the ion is not ex- 
pected tp penetrate much beyond the first few atomic layers 
(~0.6 nm ,at .4p0 eV). Channeling calculations for tantalum 
show that -at the low ion energies found during magnetron 
sputtering only a small fraction of the incoming argon ions 
are channeled; This occurs only when the grain orientation is 
with the (111) grain parallel to the sputter surface. No differ- 
ence in sputtering yield is expected from channeling for ar- 
gon ions impinging upon (001) or (Oil) tantalum surfaces at 
400 eV. 

II. EXPERIMENTAL PROCEDURE 

Measurement of the relative Jputter erosion rates of tan- 
talum grains under magnetron sputtering conditions was ac- 
complished by first cutting 25 mm diameter disks from elec- 
tron beam melted ingot slices of 99.999% pure tantalum with 
an average grain size of around 3 cm. By using this large 
grain cast ingot material, it is a relatively simple task to 
make tantalum sputtering targets with only one to ten grains. 
Each 25 mm diameter tantalum sputtering target was cut 
from the ingot slice using electron discharge machining. The 
target was sputtered in a 25 mm diameter magnetron sputter- 
ing cathode with indirect water cooling. After sputtering the 
depth of erosion for each grain and the grain orientation were 
measured. A photograph of a typical tantalum target with 
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PfG. 1. Photograph of tantalum sputtering target with four grams after sput- 
tering for 1 h at 100 W, 



four grains is provided in Fig. 1. Th^ -vveights of each tanta- 
lum target disk before and after sputtering were also 
measured . : % . 

The sputtering conditions were argon; gas pressure of 
2,7 Pa and target bias voltage ranging from ardund 500 V at 
the beginning of sputtering to around 400 V after 1.5 h of 
sputtering so that a constant power of 100 W:;,was main- 
tained. Under these conditions the tantalum grain eroded be- 
tween 250 and 675 jum depending upon the sputtering tjpe , 
and grain orientation. The depth of grain erosion was mea~ : 
sured with a point micrometer capable of reading to ±5 /im. 

The crystaJlographic orientation of each grain was mea- 
sured after sputtering using electron backscattering diffrac- 1 
tion (EBSD). Each sputtered tantalum disk was placed in a 
scanning electron microscopy (SEM) and each grain in the 
sputter erosion track was scanned in a 400 X 400 jttm 2 square 
area using a 20 fjum step to obtain 400 EBSD orientation 
measurements. The width of the erosion track was such that 
with these conditions, the data were collected from a rela- 
tively flat section at the bottom of the erosion track. Repeat 
measurements of the same sample gave the same Euler 
angles reproducible to within ±3°. 

The sputtering yield for each grain, S v in units of at/ion 
was calculated from the measured erosion depth h g using the 
relation 



S,= 1.6 X l0^ i9 h g A^pfA v Ei/PTMW^ 



0) 



where p is the density of tantalum (16.684 g/ cm 3 ), A v is 
Avogadro's number, E } is the average argon son energy 
which in this case is taken to be 400 eV, P is the applied 
sputtering power in watts, J" is the sputtering time in seconds, 
and MW Ta is the tantalum molecular weight. A eff is the ef- 
fective sputtering area of the erosion track which is obtained 
from 

A&={W b --W a )/((k g )& 

where W h and W a are the weights of the tantalum sputtering 
target before and after sputtering, respectively, and (h g ) is the 
average value of the individual grain erosion depths for the 



target sample. The effective sputtering area was determined 
to be 2,1 ±03 cm 2 . 

The angles between each grain pole projection and the 
pole projections for the high symmetry bcc tantalum (001), 
(011), (112), and (111) low index planes were measured us- 
ing a Wulff net. For these measurements, the Wulff net was 
scaled to match the EBSD inverse pole figure generated by 
the EBSD analysis software. The angles between the grain 
pole projection and the low index planes are accurate to 
within about 10%, 

III. RESULTS 

The Euler angles, the angles between the plane of each 
grain and the high symmetry planes for bcc tantalum [(011), 
(001), (112), and (111)], as well as the measured sputtering 
yield for each grain are provided in Table L Figure 2 pro- 
vides a graphical presentation of the data listed in Table I, 
using an inverse pole figure to represent the grain orientation 
and the gray scale value of each measurement in order to 
indicate the sputtering yield. The small number next to each 
spot is the ID number for the grain provided in Table I. 
While only 26 grains were measured, a clear trend can be 
seen in the data. Grains with plane orientations near the (111) 
plane had the lowest sputter erosion rate and grains with 
orientations near the (110) plane had the highest erosion rate. 
The sputtering yield increases by a factor of 2 as the grain 
plane normal to the incoming argon ion shifts from the (111) 
; ; plane to the (011) plane, 

p The number of grains measured that are oriented near the 
ftOOl) low index plane was not sufficient to make any strong 
conclusions about sputtering yield near the (001.) plane. The 
selection of grain orientation is somewhat determined by the 
underlying, texture of the cast ingot that tends to be around 
the (Oli)-(ill) orientation, 

IV. DISCUSSION 

Using ciiaimeHng calculations and the Silsbee focused 
collision cascade model of sputtering, a very small difference 
in sputter erosion rates-is expected for tantalum under argon 
ion bombardment atxiow ipn energies. Differences in the 
nonchanneled fraction of. incident argon ions do not become 
significant until ion energies of . over 600 eV are used. Table 
II provides the expected variation .hi sputtering yield due to 
channeling for bombardment :: alohg the (001), (011), and 
{111) directions. These calculations were made using the F nc 
calculation method used by Tortorelli and Altstetter, 6 Based 
upon this analysis, the (lll)-oriented grains are expected to 
have a sputtering yield that is only 4% less than the sputter- 
ing yield for (Oll)-oriented grains at 400 eV. The measured 
sputtering yield during magnetron sputtering of tantalum at 
400-500 eV provided in this article indicates that the sput- 
tering yield from (111) grains is lower than the sputtering 
yield from (110) grains by a factor of 2. A more accurate 
model of sputtering under magnetron conditions is obtained 
by considering the erosion and emission to be more con- 
trolled by the near surface structure of the tantalum target 
surface as proposed by Lehman and Sigmund. 8 
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Table I. Experimental data for 26 tantalum grains showing sputtering yield and grain orientation (all angles in degrees). 
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If surface sputtering is the predominate mode of sputter- 
ing for tantalum in magnetron systems, then the free atom 
surface density (FASD) can be a useful way to estimate the 
relative sputtering yield for various grain orientations. Figure 
3 provides a series of schematic representations of the stack- 
ing arrangement of tantalum atoms for the four low index 
planes. The FASD is determined by counting the number of 
atoms per unit cell on the surface that are not blocked by 
another atom. For the case of the (Oil) close packed plane in 
tantalum shown in Fig, 3(a), the FASD is 12.8 at/nm 2 . The 
tantalum (001) surface structure is shown in Fig. 3(b) and 
has a FASD value of 9.2 at/nm 2 , Similarly, the FASD value 




Flo. 2. Inverse pole figure showing relative tantalum sputtering rates for 
grains with different crystaUographic orientations. 



Jpr the tantalum (112) plane is 7.5 at./nm 2 [Fig. 3(c)]. The 
tantalum (111) plane has the lowest FASD for all the low 
index.planes at 5.3 at./nm 2 [Fig. 3(d)]. This approach to de- 
termining the free atom surface density has been experimen- 
tally confirmed by Brmolov et al? for tungsten using low 
energy:ion scattering. 

When %0^ujfoce is not perfectly aligned with one of the 
low index planes? the surface under equilibrium conditions 
will consist of a peries of the low index planes with steps, On 
average, the angle between the surface and the low index 
plane is created by periodical iy adding steps to the low index 
plane until the desired angle is created. This is illustrated in 
the (203) orientation example) shown in Fig. 4. At the steps 
the atomic arrangement creates; a situation where the atoms 
below the step are trapped beneath atoms in the upper sui- 



table H, Calculations of (nonchanncled fraction) for argon ion bom- 
bardment of tantalum at normal incidence, 
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Fig, 3. Atomic surface structure models for determining rhe : free atom sur- 
face density (FASD) of (a) the (011) plane of tantalum, (b) the (00!) plane 
of tantalum, (c) the (112) plane of tantalum, and (d) the (I O). plane of 
tantalum, 



face and are unlikely to be sputtered by low energy ions.; In ; 
this example the FASD decreases from 12.8 at/nm 2 for the 
(Oil) plane to 10.4 at./nm 2 for the (203) orientation. Aslher 
angle between the surface increases away from the low index 
plane, the FASD decreases. Figure 5 provides the FASD as a 
function of angle for surfaces around the four low index 
planes of tantalum. 

The data in Fig. 5 are calculated assuming that the slope 
of the surface is such that the surface normal remains in a 
plane containing a low index [001] or [011] direction. This is 
a very simple surface rotation that makes calculating the 
FASD straightforward. However, there is no reason that the 
surfaces will follow this assumption. In fact, this is likely to 
be a rare event. The actual surfaces will tend to be a combi- 
nation of slopes in at least two directions. This added com- 
plexity for the real surface results in slightly lower FASD 
than is provided in Fig. 5. 

Table III provides a summary of the identification of each 
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Fig, 4. Free atom surface density (FASD) for (203) plane of tantalum, 
Hatched atoms are the atoms m the unit cell that are included in the FASD. 
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Fig. 5, Calculations of FASD for angular rotations from (011), (001), (112), 
and (111) planes. 



grain, the measured sputtering yield for each grain, and the 
FASD determined for each grain as described above. The 
FASD values provided in Table III were obtained by deter- 
mining which low index surface was nearest in angle to the 
measured grain orientation. Then the angular deviation be- 
tween the low index plane and the plane of the grain parallel 
to the surface was used to determine the FASD value for that 
grain using the data in Fig. 5. These FASD values are listed 
in Table III and overestimate the FASD value by ignoring the 
complex rotation. 

Figure 6 shows the correlation between the FASD as de- 
termined by the method described above for each grain and 
the measured sputtering yield for that grain. A linear least 
squares lit of these data provides a correlation coefficient of 



i Table 01. Calculated free atom surface densities (FASDs) using the angle 
•from the nearest low index plane. 
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Fig. 6. Correlation between FASD for nearest low index plane and sputter 
yield. 



0.4. It is clear that there is a great deal of scatter in the data, 
but grains with orientations near (111) have a lower sputter- 
ing yield than grains near (OH). 

One of the sources of the scatter in the data in Fig. 6 is the 
consistency of the sputtering conditions from sample to 
sample. The sputtering conditions for each sample could not 
be maintained exactly consistent;-- Variation in sputtering 
burn-in time and variation in the sputtering voltage and cur- 
rent contribute to variation in the observed: sputtering yield. 
One sample, 2499, had eight grains in the erosion track and 
with this sample the sputtering conditions are; more identical 
from grain to grain. Figure 7 provides a graph of the corre- 
lation between the FASD for each grain in sample 2499 cal- 
culated as described above and the measured: sputtering 
yield, A much stronger correlation is obtained from f . this 
sample with the correlation coefficient of 0.7. 

The absolute value of the sputtering yield that we ..ob- 
tained is in good agreement with the measured values ^e-: 
ported in the literature for tantalum (0.5 at./ion at 400 eV) 
and calculated values for tantalum using SRiM (0.85 at/ion at 
400 eV). H Figure 8 provides a graphical comparison of the 
measured sputtering yields from the literature, SRIM calcula- 
tions, and current measured values. 

In future work, preparation of samples with grain sizes of 
a few millimeters in diameter and a random crystal lographic 
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Fig. 7. Correlation between FASD for nearest low index plane and sputter- 
ing yield for sample 2499. 



Fig. 8. Sputtering yield foF tantalum under normal argon ion bombardment 
from srlm calculations (solid line) and the results from Laegretd and Wehner 
(triangle) and the measurements in this article (square). 



texture should provide a more accurate determination of the 
effect of grain orientation on sputtering yield. With a single 
sample, around 30 different grain orientations could be mea- 
sured in this way. Creation of this sample by powder metal- 
lurgical techniques would be an advantage since this would 
provide a random crystallographic orientation with grain ori- 
entations neat 4 the (001) pole and center of the inverse pole 
figure. In addition, the experiments should be conducted un- 
der constant voltage conditions rather than constant power. 



V. CONCLUSION 

Measurements of the sputtering yield of tantalum grains 
under magnetron sputtering conditions have been made and 
the sputtering yields are found to increase by a factor of 2 as 
[■ the grain orientation changes from (ill.) to (011) planes par- 
allel to the sputtering surface. This difference in sputter yield 
is jiot expected from channeling considerations since the ar- 
gon ion energies are not sufficient to cause a significant 
changing effect. The difference in sputtering yield is attrib- 
uted to ;; . the change in free atom surface density with grain 
orientation. 
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